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this  model  demonstrate  the  importance  of  including  such  detailed  pressure- 
broadening information.  Recent  experimental  results  of  Kwok  and  Cohen 
for  HF  V ^ R,  T deactivation  were  also  included  in  the  model  and  were  taken 
to  be  a multiquantum  process.  Comparisons  of  model  predictions  for  pulse 
energy  and  pulse  duration  with  several  atmospheric-pressure  laser 
measurements  showed  good  agreement. 
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SUMMARY 


The  results  of  a survey  of  pressure  broadening  data  in  the  literature 
pertaining  to  species  present  in  the  ^2'^  2 laser  are  presented. 

The  HF  pressure  broadened  linewidths  are  shown  to  have  strong  dependences 
on  the  vibrational  and  rotational  quantum  numbers  as  well  as  on  the  nature  of 
the  species  that  serve  as  diluent  in  the  gas  mixture. 

Results  of  calculations  from  the  i F2  laser  code  SPIKE,  which  in- 
cluded a detailed  model  for  line-broadening,  indicate  that  the  incorporation 
of  the  detailed  v,  J and  species  dependence  is  important  for  achieving  accu- 
rate predictions  of  laser  performance.  In  addition  to  significant  effects 
on  total  laser  energy  (increases  or  decreases,  depending  on  species  present), 
the  detailed  broadening  model  predicts  a larger  fraction  of  the  output  to  be 
in  the  higher  rotational  transitions,  and  a longer  pulse  duration. 

The  recent  experimental  results  of  Kwok,  Cohen,  and  Wilkins  [68  j for 
the  V-dependence  of  the  HF-HF  V - R,  T reaction  are  considered  from  the 
viewpoint  of  its  effect  on  laser  performance,  both  as  a single-quantum  and  a 
multiquantum  process.  Because  of  the  large  scaling  factor,  the  mulliquantum 
process  is  deemed  more  likely.  It  also  yields  better  model  agreement  with 
experiments. 

• Comparisons  of  SPIKE  predictions  of  pulse  length  and  pulse  energy 
with  three  recent  independent  experiments  over  a broad  range  of  operating 
conditions  show  generally  good  agreement. 
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I.  INTRODUCTION 


Interest  in  the  potential  of  pulsed  HF  lasers,  pumped  by  the 
chain  reaction,  to  deliver  large  specific  power  densities  has  motivated  the 
development  of  several  theoretical  models  for  the  prediction  of  laser  per- 
formance [l]-[6].  However,  these  have  had  only  limited  success  in  their 
prediction  of  actual  experimental  results.  Where  model  calculations  of  the 
H^-F^  laser  have  been  compared  with  experimental  data,  some  have  shown 
fairly  good  agreement  in  the  prediction  of  pulse  shape  [4]-[6].  In  general, 
however,  predictions  of  laser  energy  over  broad  ranges  of  operating  condi- 
tions have  not  shown  good  agreement.  Furthermore,  substantial  discrep- 
ancies remain  between  predicted  and  measured  spectral  content  of  the  laser 
output. 

Pulsed  HF  lasers  typically  operate  at  cavity  pressures  of  >50  torr, 
where  linewidths  are  dominated  by  pressure  broadening.  This  broadening 
varies  widely  with  the  transitions  and  the  nature  of  the  perturbing  species. 
The  above  models  all  assumed  pressure-broadened  linewidths  by  foreign 
molecules  to  be  independent  of  J,  the  rotational  quantum  number  of  the  :ran- 
sitions.  The  foreign-gas -broadened  linewidths  typically  used  in  [l  ]-[5]  were 
obtained  from  calculations  based  on  billiard -ball-like  interactions.  These 
linewidths  included  no  dependence  on  J and  made  no  distinctions  in  the 
identities  of  the  perturbing  molecules.  We  show  here  that  these  num- 
bers, in  some  cases,  varied  by  several  hundred  percent  from  the  experi 
mentally  measured  values.  The  linewidths  used  in  [6J  accounted  for  the 
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distinct  collision  partners  and  were  obtained  from  the  calculations  of 


Spellicy  et  al.  [7  |.  For  simplicity  in  the  model  calculations,  however,  these 
linewidths  were  averaged  over  all  Js  and  were  assumed  to  be  the  same 
for  all  transitions.  In  addition,  self-broadening  was  not  treated  separately, 
as  was  done  in  [l  J-[5],  but  was  also  included  in  this  average  linewidth. 

Resonant  self-broadened  linewidths  of  the  HF  molecules  used  in  the 
laser  models  of  [l]-[5]  were  calculated  from  the  resonant-dipole  billiard- 
ball  model  (RDBBM)  [8],  [9],  which  is  in  excellent  agreement  with  experi- 
^ mental  values  in  the  1-0  band.  In  the  higher  vibrational  level  transitions, 

as  will  be  seen,  this  model  fails  to  account  for  the  very  important  resonant 
interactions  with  the  ground  level  (v  = 0)  molecules,  and  the  predicted  line- 
j width  could  be  off  by  several  hundred  percent  in  some  cases. 

1 Whereas  the  major  impetus  for  the  present  work  stemmed  from  the 

study  of  the  pulsed  HF  laser,  much  of  the  resulting  data  may  be  significant 
in  the  study  of  the  cw  HF  laser  also.  The  original  cw  laser  measurements 
were  made  at  pressures  of  ~5  torr,  where  pressure  broadening  is  not  im- 
portant. Recent  cw  experiments,  however,  have  involved  cavity  pressures 
in  excess  of  20  Torr  [10].  In  this  regime,  both  Doppler  and  pressure  broad- 
ening are  generally  prevalent.  Several  computer  models  for  the  cw  HF 
laser  have  been  developed  [l],  [2],  [ll]-[l9j:  but  these  models  have  either 
neglected  pressure  broadening  entirely  or  treated  it  in  the  same  manner 
as  was  done  in  [l  |-[6  j. 
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In  the  present  work,  a survey  of  available  data  for  Lorentz  broadening 
parameters  of  interest  to  the  modeling  of  the  • F,  chemical  laser  was 
performed.  Graphic  representations  of  the  relevant  experimental  data  lound 
in  the  literature  are  presented.  For  those  cases  where  such  data  were  not 
found,  available  theoretical  values  are  shown.  Collision  broadening  in  the 
HF  chemical  laser  has  been  reviewed  by  FJmanuel  [20  J,  who  indicated  the 
necessity  for  inclusion  of  additional  broadening  data  in  the  existing  laser 
models,  and  by  Meredith  [2l]-[2:l],  who  calculated  the  IlF  resonant  self- 
broadened  linewidths  used  in  the  present  ntodel.  The  present  work  is. 
in  part,  an  extension  of  these  prior  studies  and  draws  extensively  from 
them.  In  addition  to  assembling  these  line -b roadening  data,  a primary 
objective  in  this  paper  is  to  assess  the  importance  of  incorporating  this 
detailed  information  in  the  simulation  of  the  HF  laser.  It  is  shown 
that  the  specific  information  regarding  the  v and  .1  dependence  of  the  broad- 
ening cross  sections,  and  the  distinguishing  broadening  characteristics  of 
various  species  in  the  gas,  must  be  included  in  theoretical  calculations  in 
order  to  achieve  good  agreement  with  experiments,  both  in  the  prediction 
of  total  energy  and  in  the  discrimination  of  spectral  content. 

In  addition  to  the  revision  of  the  Lorentz  broadening  functions,  recent 
experimental  results  of  Kwok  and  Cohen  [24],  for  the  v-dependence  of  the 
self-deactivation  rate  of  HF  were  incorporated  in  the  present  model.  Cal- 
culations made  with  the  revised  model  were  then  compared  with  experimental 
measurements  from  several  sources. 
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II.  BROADENING  THEORY 


A brief  summary  of  the  theoretical  background  for  pressure  broadening 
is  given  in  this  section.  Many  detailed  treatments  for  various  aspects  of 
this  topic  have  been  reported  (see  [25],  for  example). 

For  a fundamental  transition  (v  + 1,  J^)  -•  (v,  J^),  the  frequency  is 
given  by 


V = r 

vm.  he 

= v -t-(B  +B^.)m.  + (B  -B  ) m^ 

V V v+1  V v+1 

+ 2(D  + D m^  + (D  (1) 

V v+1  V v+1 

where  m = J for  a R-branch  transition,  and  m = -J,  for  a P-branch  transi- 
u 1 

tion.  B and  D are  rotational  constants.  Measured  values  of  these  con- 
u V 

stants  for  HE  are  given  in  [26]. 

The  Lorentz  (or  pressure)  broadened  half-width  is 


‘1''  v ... 

y = r: — 2.  P T 

'm  2ttc  t j j 
J p p 
P 

where 

n = density  of  perturbing  molecules 
v"  = mean  relative  collision  velocity 


(2) 
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population  distribution  of  perturbing  molecule's  rotational 


states 

C7-  = collision  cross  section  of  each  rotational  state  J of  the 

«.!  P 

P 

perturbing  molecule. 

The  sum  is  taken  over  the  rotational  states  of  the  perturbing  molecule  .1^. 

Typically,  the  perturbing  species  are  in  rotational  equilibrium  and, 
thus,  have  a population  distribution  given  by 


P 


J 

P 


(2J  + 1)  exp(-E^  /kT) 

_ ^ ll? 

" E (2J  +1)  exp(-E  /kT) 

T P ‘’r. 


(3) 


In  the  case  of  the  HF  chemical  laser,  however,  the  rotational  equilibrium 

assumption  may  not  be  valid  [5],  [14|,  [15],  [27].  For  conditions  of  highly 

non-Boltzmann  rotational  distributions,  the  cross  sections  a .j  in  (2)  would 

'P 

be  weighted  very  differently  than  in  the  case  of  rotational  equilibrium.  The 

result  is  an  altered  value  for  v and  a different  optical  gain  coefficient  for 

‘m 

the  corresponding  laser  transition.  Such  behavior  may  have  a significant 

effect  on  predicted  laser  performance  and  is  the  subject  of  another  study. 

A theory  was  developed  by  Anderson  [28]  in  1949,  and  subsequently 

amplified  by  Tsao  and  Curnutte  [29]  in  1954,  for  calculation  of  the  cross 

section  Oj  . This  theory  resulted  from  detailed  quantum  mechanical  calcu- 
P 

lations  of  the  probabilities  of  nonradiative  transitions  induced  by  the  combined 
effects  of  all  the  inte rmolecular  forces  in  the  system,  consisting  of  the  radiating 


! 

1 

. 
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molecules  and  the  perturbing  molecules.  Many  calculations  foJ  the  bioadening 
of  HF  and  HCl  have  been  reported  in  which  this  theory  was  applied.  These 
calculations  used  various  forms  of  approximations  for  the  interaction  poten- 
tial and  the  collision  trajectories  [21  j,  [30]-[33].  As  pointed  out  by  Meredith, 
the  Anderson  theory  has  shown  generally  good  agreement  with  experimental 
results  for  situations  in  which  long-range  dipole-dipole  forces  are  dominant, 
as  is  the  case  for  much  of  HF  self  broadening  [21  ]-[23].  For  conditions  in- 
volving close  collisions,  however,  where  short-range  forces  become  impor- 
tant, this  theory  is  less  satisfactory  [34j-[36].  In  [2l]-[23]  the  Fiutak- 
Kranendonk  [37],  [38]  approximation  was  used  together  uith  the  Anderson 
theory  to  treat  close  collisions  with  some  success.  HF  linewidths 
broadened  by  H^  and  calculated  with  this  modified  theory  showed  reason- 
able agreement  with  experimental  results,  especially  for  m i 6 (within  ~30%, 
much  less  for  lower  values  of  m).  However,  HF  linewidths  broadened  by 
and  CO^,  calculated  with  the  same  approximation,  remained  in  poor 
agreement  with  experiment. 

Among  other  theories  [39]-[44j  that  differ  in  basic  approach  fiom  the 
Anderson  theory  and  have  been  tested  against  experimental  data  for  colli- 
sions not  dominated  by  long-range  dipole-dipole  forces,  the  most  extensive 
comparisons  were  made  by  Tipping  and  Herman  [42],  [43  | for  HCl  lines 
and,  more  recently,  by  .larecki  and  Herman  [44]  for  HF  lines.  Fhei  i tieat- 
menls  included  detailed  approximations  of  the  inte  rmolecula  r potential  and 
collision  trajectories  and  velocities  and  were  carried  out  using  the  Kolb- 
Griem-Baranger  theory  [45],  [46]  as  compared  with  the  perturbation  technique 


used  in  the  Anderson  theory.  The  calculated  linewidths  of  [4Z]  for  HCl 
broadened  by  rare  gases,  and  of  [44  | for  HF  broadened  by  rare  gases,  were 
generally  in  good  agreement  with  experiment.  The  predictions  for  most 
lines  in  the  fundamental  band  fell  within  25%  of  the  corresponding  typical 
experimental  values  and  showed  approximately  the  same  type  of  dependence 
on  the  rotational  quantum  number  as  that  observed  in  experiments.  These 
calculations,  however,  are  limited  to  broadening  by  rare  gases  only  and 
cannot  be  applied  to  diatomics  such  as  H^,  and  which  are  of  interest 

in  the  present  work.  Comparisons  of  calculated  line  broadening  with  experi- 
mental values  were  also  made  [39)  for  a few  selected  lines  of  IICI,  CO,  and 
OCS  broadened  by  He  and  Ar.  These  also  showed  good  agreement  (within 
20%  for  the  cases  shown),  but  no  comparisons  were  made  for  broadening  by 
diatomics . 

From  the  above  discussion,  it  appears  that  the  Anderson  theory  may 
be  used  with  some  confidence  for  predicting  HF  self  broadening.  It  also 
appears  that  a theory  similar  to  that  of  [39)  or  [44]  may  be  used  for  foreign 
broadening  of  HF  by  rare  gases.  However,  for  HF  lines  broadened  by 
several  other  species  present  in  the  typical  HF  laser  medium,  such  as  Fj, 

F,  and  H,  no  accurate  theoretical  predictions  have  yet  been  obtained. 
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III.  PRKSSURF. -BROADENED  HI'  LINIBVIl)  11  IS 
A.  HE  SELF  BROADENING 

A considerable  body  of  experimental  data  exists  concerning  the  shapes 
and  widths  of  self-broadened  lines  in  the  1-0  band  of  IlF  [U  |,  [47)-[51  ].  A 
graphic  summary  of  the  measured  values  of  ilF  linewidths  is  given  in  1 ig.  1. 

In  the  present  notation,  -y  is  the  half  linewidth  at  half  maximum  in  units  of 

1/cm-atm.  The  vertical  bars  represent  the  scatter  in  the  data  from  five 

independent  experiments  [31  |,  [47j-[50j  over  a wide  range  of  pressures 

(21.  5 Torr  to  '-5  atm)  and  at'-"’100°C;  the  temperatures  were  not  given  in  [47| 

and  [50|,  but  are  presumed  here  to  l3e>70°C  since  HF  becomes  highly  poly-  . 

merized  at  lower  tenipe  ratur  es  [31  J,  [48j.  Although  the  half-width  y for  111 

self  broadening  is  believed  to  have  a nonlinear  relationship  with  pressure  ‘ 

[21  |-[23|,  these  experimental  data  show  that,  within  the  pressure  ranges 

considered  (0.03  to  5 atm),  the  nonlinear  effect  is  not  large  and  may  be 

ignored  for  the  purposes  of  this  study. 

As  discussed  in  [21  |-[2l|,  [32  |,  and  [33],  the  variation  of  the  linewidth 
with  temperature  is  complex,  and  no  conclusive  experimental  data  for  this 
relationship  are  available.  'ITie  temperature  dt'pendence  used  in  the  present 
work  for  HF  self  broadening  consists  of  functional  fits  to  calculations  based 
on  the  Anderson  theory  completed  by  Meredith  et  al.  |2l|-|23|  at  several 
tempe  ratu  res . 
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Figure  1 also  shows  the  theoretical  values  for  y (IIF  1-0  band)  previously 
used  in  the  chemical  laser  models  of  this  laboratory,  including  RESALE  [2], 
The  agreement  between  the  theoretical  values  and  the  experimental  data  is 
seen  to  be  excellent.  These  theoretical  values  were  derived  from  the  RDBBM 
of  Benedict  et  al.  [8],  [9],  which  is  a specialized  version  of  the  Anderson 
theory.  This  model,  however,  fails  when  applied  to  upper  vibrational  level 
transitions,  as  shown  in  the  following  discussion. 

No  experimental  measurements  of  HF  self-broadened  linewidths  have 
been  made  for  the  upper  vibrational  level  Av  = 1 transitions,  i.  e.  , for  the 
bands  1 -•  2,  2 -»  3,  3 -•  4,  • • •.  However,  calculations  have  been  performed 
by  Meredith  et  al.  [2l]-[23],  based  on  the  Anderson  theory,  for  these  transi- 
tions up  to  the  4 -*  5 band.  These  computations  were  carried  out  at  300,  600 
and  900  K.  No  distinction  was  made  between  the  P and  R branches  in  these 
calculations:  experimental  measurements  have  shown  that  differences  between 
the  branches  are  generally  not  significant.  Their  results  are  presented  as 
sets  of  coefficients  resulting  from  least-squares  fits  to  the  calculated  results 
of  the  linear  combination  of  exponential  functions  (5): 


y(m)  Cj  t c^  t C3  m e’^^^  + c^  m^  ^ f c^  m 


V^) 


Self-broadened  linewidths  for  the  HF  (0-1)  band  calculated  from  the.se 
coefficients  are  also  plotted  in  Fig.  1.  The  predictions  appear  to  be  in  satis- 
factory agreement  with  experiment.  Similarly  calculated  values  for  the 


iunher  vibrational  level  Av  = 1 transitions,  at  two  temperatures,  are  shown 
in  Fi>;s.  Z.  and  3,  along  with  the  values  presently  used  in  laser  nuxleling,  eaU 
eulated  from  the  RDBBM  model.  Because  of  the  small  upper  vibrational  level 
population  at  equilibrium,  the  resonant -dipole  contribution  became  negligible 
in  the  RDBBM  formulation,  which  does  not  account  for  the  resonant  inter- 
action with  large  ground-state  (v  = 0)  population.  Thus,  only  the  hard  sphere, 
billiard-ball  interaction  is  evident  in  this  niodel.  It  is  clear,  from  the  more 
complete  calculation  of  Meredith  et  al.  [<il]-[,13|,  that  this  ground-state  reso- 
nance is  quite  appreciable.  It  is  therefore  considered  in  the  present  laser 
calculations . 

The  experiments  that  determined  the  linewidths  of  self-b  roadened  IIF 
were  carried  ovit  with  the  sample  IIP  gas  at  thermodynamic  equilibriurji, 
when  almost  all  the  HF  is  in  the  ground- vibrational  state.  Th\is,  the  pres- 
sure broadening  iTieasured  was  essentially  the  result  of  collisions  with  111(0) 
only.  In  the  HF  chemical  laser,  however,  significant  fractions  ot  the  HF 
population  are  expected  to  be  found  in  the  upper  vibrational  states.  Because 
experimental  broadening  data  for  IIF  perturbetl  t)y  HI  molecules  in  the 
vib rationa  11  y excited  states  are  nt>t  available,  one  is  ft)  reed  again  to  dept'ud 
entirely  on  calculated  values,  as  was  necessary  in  tlie  c.ise  of  upper 
vibrational  level  Av  1 transitions.  Results  of  these  calculations  for  the 
cases  of  HF  broadened  by  HF(1)  and  HF(.3)  can  be  found  in  [21  |-[2->|and  are 
plotted  here  in  Fig.  d. 
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P'ig.  3.  Collision  broadening  of  lIF(v  — \ - 1)  lines  by  HP'(O), 
at  T - 600  K.  These  curves  were  calcnbited  based 
on  the  coefficients  given  in  [21  |. 
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FQRKIC.N  GAS  BROADENING  OF  HF 

The  strength  and  relatively  wide  separation  of  the  HI*  spectral  lines 
make  the  molecule  well  suited  to  the  study  of  spectral  line  shapes  [-49  |. 
Accordingly,  a fairly  large  quantity  of  experimental  [ZII-lZi],  [3Z],  [-4  i ], 
[54|-[58l  and  theoretical  [7  |,  [Zl(-[ZM.  [59  |- [6Z  | data  a re  avail- 

able for  the  linewidths  of  foreign-gas -broadened  HF  for  a variety  of 
perturbing  species. 

In  the  case  of  collisions  dominated  by  dipole -dipole  forces,  the  primary 
parameter  that  governs  the  degree  of  resonance  and,  hence,  the  broadening 
is  the  rotational  constant  . For  HF,  the  values  of  B^  at  v 0 and  v - 1 aie 
quite  close  (see  Table  I);  thus,  the  linewidths  of  the  pure  - rotational  band  (0-0) 
and  the  fundamental  band  (0-1)  are  expected  to  be  similar.  This  is  illustrated 
in  Fig.  5 for  HF-HF  self  broadening:  Fig.  5(a)  is  calculated  from  the 

Anderson  theory  and  is  taken  from  Meredith  et  al.  [Z  1 |.  It  compares  the 
HF  self-broadened  linewidths  as  a function  of  the  rotational  quantum  num- 
ber m for  the  pu  re  - rotation  band  and  several  overtone  bands.  Fig.  5(b) 
shows  a similar  comparison  of  the  experimentally  measured  linewidths  (from 
[31  ])  for  the  pu  re  - rotation  and  fundamental  bands.  The  similarity  of  the  (0-0) 
band  and  (0-1)  band  linewidths  is  evident  in  both  figures. 

In  cases  where  inte  rmolecula  r interactions  are  not  dominated  by  dipole- 
dipole  forces,  the  similarity  of  linewidths  for  the  (0-0)  and  (0-1)  bands  usuallv 
still  exists.  Figure  b shows  the  experimental  data  taken  t rom  [5*ll-[5()|  lor 
HF  (0-1)  and  HF  (0-0)  bands  broadened  by  argon.  'Die  lundamcntal  band  dat.i 
and  the  pu  re-rotation  band  data  arc  comparable. 
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Collision  broadening  of  (0-0)  and  (0-1)  bands  of  IIF  by  Ar. 
Experimental  data  are  from  [54]-[56j. 
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Because  of  this  anticipated  siinilarity,  where  experimental  data  for  the 
(0-1)  band  are  not  available,  the  corresponding  pu  re  - rotational  band  data  are 
presented  instead.  This  is  the  case  for  HF  broadened  by  and  He. 

Lane  broadening  of  the  pure- rotational  band  of  IIF,  in  collisions  with  N',,  II,, 
and  lie,  are  reported  in  [32  J and  [56]  and  are  shown  in  Fig.  7.  Only  one  data 
point  is  available  for  the  He  case  (atm  = 1):  however,  because  of  the  small 
mass  of  the  He  atom  and  its  symmetry,  it  is  expected  that  only  small  differ- 
ences will  be  seen  at  larger  values  of  m.  This  supposition  is  supported  by 
observations  of  HCl  and  CO  broadened  by  He  [63],  [64],  where  the  linevidths 
displayed  only  minor  variations  with  the  value  of  m. 

Neither  experimental  data  nor  calculated  values  are  available  on  pres- 
sure broadening  of  HF  lines  with  F^  as  the  perturbing  molecule;  therefore, 
the  data  for  Cl^  as  the  perturbing  molecule  [58]  are  presented  in  Fig.  8 to 
illustrate  the  possible  pattern  and  to  provide  a first  order  estimate  of  the  HF 
linewidth  as  broadened  by  F^. 

Unlike  HF  self  broadening,  foreign-gas -broadened  HF  lines  were  sliown 
in  [2l)-[23]  to  have  the  expected  linear  dependence  on  pressure.  However, 
like  the  HF  self-broadening  case,  the  temperature  dependence  is  incor  lusi\e. 
No  experimental  data  pertaining  to  temperature  dependence  were  found  during 
this  study.  Of  the  theoretical  work  [39],  [42]-[44]  that  showed  reasonably 
good  agreement  with  experimental  data  in  the  prediction  of  foreign-gas - 
broadened  linewidths,  only  [39]  cliscussed  temperature  dependence.  L'or  .til 
cases  considered  in  [39],  the  broadening  cross  sections  showed  very  slow 
inc  reas e with  tempe ratu re , i.e.. 
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Fig.  8.  Collision  brouciening  of  (0-1)  band  of 
HF  by  CI7.  Experimental  data  are 
from  [58  IT 
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consistent  with  the  slow  variation  of  cross  sections  with  temperature,  may 


be  obtained  by  assuming  a hard-sphere  collision  model 


I 

! 


V oc  nv  (7) 

where  n and  v are  perturbing  molecule  density  and  mean  relative  collision 
velocity,  respectively,  as  defined  in  Section  II.  At  pressure  p 


(8) 


(9) 


(10) 


Thus,  at  constant  pressure,  broad  lines  are  generally  expected  to  become 
narrower  as  temperature  increases.  On  the  other  hand,  at  constant  number 
density,  as  is  the  case  during  operation  of  most  pulsed  lasers,  it  is  expected 
that  linewidths  will  increase  with  temperature. 
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C.  PRESSURE-BROADENING  DATA  INCORPORATED  IN 
THE  IIF  LASER  MODEL 

Because  of  incomplete  experimental  data  and  the  apparent  success  of 
the  Anderson  theory,  HE  self-broadened  linewidths  are  modeled  with  the 
calculated  coefficients  of  [21  )-[Z3]  and  (5).  The  calculations  of  [21  ]-[2ll  w’ere 
carried  out  at  300,  600,  and  900  K;  hence,  the  temperature  dependence  in  the 
model  is  obtained  by  interpolating  between  the  results  at  these  three  tempera- 
tures. For  foreign  gas  broadening  of  HF,  the  experimental  data  of  Pigs.  6-8 
are  used  directly;  here,  the  hard-sphere  temperature  dependence  is  used. 
Data  for  pressure  broadening  cross  sections  at  large  values  of  m are  rare 
and  are  assumed  to  be  constants  equal  to  the  cross  sections  of  the  largest 

m's  Itvoicallv  m,  , ^ 5)  for  w'hich  data  are  available.  Because  of  a 

' ’ largest 

similar  lack  of  experimental  data,  foreign  gas  broadening  of  the  upper  vibra- 
tional band  transitions  is  assumed  to  be  the  same  as  for  the  (0-1)  band.  I he 
model  assumes  the  pressure  dependence  to  be  linear  for  both  foreign-  and 
self-broadened  linewidths  and  makes  no  distinction  between  the  P and  R 
branches. 


IV.  LASER  MODEL  WITH  DETAILED  BROADENING 


The  gain  coefficient  a,  in  units  of  cm  , is 


/^^A\ 

o(v,J,m)  = I uj^(v,  J,  m)  B(v,J,m) 


[zj^r/znT^^^  *-  1.  J + m)  - n^(v,J) 


(11) 


where  v and  J refer  to  the  lower  level  quantum  numbers  of  the  laser  transi- 
tion. The  wave  number  of  the  transition  is  uu  (v,J),  B(v,  J)  is  the  Einstein 

c 

isotropic  absorption  coefficient  based  on  intensity,  and  n^  represents  the 
species  concentrations  of  the  upper  and  lower  rotational  populations.  Only 
Doppler  and  Lorentz  broadening,  which  are  used  in  the  Voigt  profile  are 
considered  in  this  formulation,  The  subscript  c indicates  that  p is  being 
evaluated  at  line  center,  where  the  gain  is  at  maximum.  In  the  limit  of  pure 
Doppler  broadening  [2], 


Doppler  (ln2/  tt) 
" ^Dp 


1/2 


(12) 


where  "Yj^p  is  the  Doppler  half-half  width.  This  is  the  usual  situation  at  the 
low  pressures  (~5  Torr)  at  which  cw  lasers  operate.  At  higher  pressures 
(250  Torr),  where  pulsed  lasers  typically  ojjerate,  pressure  broadening  is 
most  important.  Here, 
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where  is  the  Lorentz  half-half  width.  It  is  evident  from  (11)  through 

(13)  that,  in  the  pure  (Doppler  or  Lorentz)  broadening  regimes 

o(v,  J,  m)  oc  — (14) 

Y 

Thus,  the  unsaturated  gain  of  the  laser  medium  decreases  as  linewidth 
inc  reases . 

RESALE[2]  is  a well-known  computer  model  that  is  currently  in 
wide  use  for  the  prediction  of  HF  laser  performance.  It  is  a comprehensive 
rate  equation  computer  simulation  of  the  chemical  laser  that  incor- 

porates up  to  150  of  the  kinetic  reactions  within  the  laser  medium,  which  is 
assumed  to  be  homogeneous  and  contained  in  a Fabry-Perot  optical  cavity. 
For  each  vibrational  level  within  the  active  species,  the  rotational  states 
are  assumed  to  be  in  equilibrium  at  the  translational  temperature.  Lasing 
on  each  vibrational  band  is  taken  to  be  at  line  center  of  the  transition  having 

maximum  gain.  Once  threshold  is  reached,  gain  is  assumed  to  remain  con- 
< 

stant  at  the  threshold  level.  When  pumping  reactions  are  no  longer  able  to 
maintain  the  gain  at  threshold,  lasing  ceases.  The  present  status  of  the 
Lorentz  linewidth  parameters,  as  applied  to  the  calculation  of  HF  chemical 
laser  performance  with  this  code,  can  be  summarized  as  follows: 

1.  Self  broadening  of  HF  1-0  band  transition  lines  by  the  HF(0) 
molecules  is  well  modeled;  however,  broadening  of  lines  in 
the  higher  bands  (v  -•  v - 1,  v > 2)  is  not.  Specifically,  the 
resonance  interactions  with  the  heavily  populated  lower  vil;>ra- 
tional  states  are  not  adequately  accounted  for  in  such  bands. 


In  laser  niixtures  containing  large  concentrations  of  reactants, 
this  could  cause  errors  in  the  determination  of  linewidth  and, 
subsequently,  small-signal  gain,  by  as  much  as  a factor  of  in 
some  lines. 

2.  The  same  number  (calculated  from  billiard-ball-type  interac- 
tions) is  currently  used  to  represent  the  foreign -gas -b roadened 
linewidth  of  all  HF  transitions.  This  lack  of  structure  in  the 
rotational  quantum  number  J and  the  lack  of  dependence  on  the 
nature  of  the  perturbing  species  is  clearly  unrealistic.  The 
largest  error  introduced  by  this  approximation  is  a factor  of 
~10  (for  He  diluents).  In  laser  mixtures  of  large  diluent  ratios, 
this  translates  to  approximately  the  same  proportionate  error 
in  small-signal  gain. 

The  status  delineated  above  also  applies  to  the  models  of  [l],  [3|-[5|. 
The  linewidths  used  in  the  model  of  [6]  do  account  for  the  differences  between 
the  various  foreign-gas -b  roadening  species.  However,  the  foreign-gas- 
broadening  cross  sections  used  were  theoretical  and  were  averaged  over 
all  J transitions  for  computational  simplicity.  Moreover,  resonant  self 
broadening  was  not  treated  separately,  as  in  [l  |-[5],  but  was  included  in 
the  average  linewidth. 

In  order  to  evaluate  the  effect  of  the  more  detailed  line-broadening 
parameters  on  the  predicted  HF  laser  performance,  tlie  calculated  HF  self- 
broadening linewidths  of  Meredith  [21],  as  well  as  the  available  experimental 
data  for  broadening  by  foreign  gases,  were  incorporated  into  the  model 
Sl’IKF.  This  is  a comprehensive  model  similar  to  R F.SA  l.F  that  incorporates 
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up  to  198  kinetic  reactions  and  is  capable  oi  predicting  transients  and 
relaxation  oscillations  within  the  laser  cavity.  Hitherto,  pressure  broaden- 
ing was  modeled  in  SPIKE  exactly  as  in  RESALE.  A detailed  description  of 
SPIKE  is  given  in  [5]. 

A comparison  of  predictions  by  codes  in  which  the  new  and  old  Lorcntz- 
broadening  models  were  used  is  shown  in  Fig.  h and  Tables  II  and  III  for  an 
approxiniately  atmospheric  19  cm  - F^  cliain  laser.  The  conditions 
simulaU-d  here  are  froni  the  cxpcritnents  of  [65],  in  whicli  a 6% 

F^  and  3“o  reactant  composition  was  used  with  37‘'o  Ar  and  54%  He  as 
diluents  for  the  balance  of  the  gas  mixture.  The  figure  shows  the  calculated 
laser  output  energy  for  a typical  range  of  initiation  levels  obtained  in  these 
experiments.  As  one  would  expect  from  the  decreased  linewidth,  which 
resulted  from  the  new  broadening  parameters,  the  predicted  laser  output 
energy  shows  a substantial  increase.  The  effect  is  ntosl  significant  near 
low  levels  of  initiation,  where  small- signal  gains  do  not  rise  niuch  above 
threshold,  and  laser  performance  is  most  sensiti\e  to  threshold  conditions. 
At  (F/F^)^  = 0.  3%,  for  example,  the  laser  output  energy  predicted  by  the 
present  niodel,  with  detailed  broadening,  is  300*’/'o  of  that  predicted  by  the 
same  niodel  with  us€'  of  the  old  broadening  parameters.  This  difference 
between  the  predictions  of  the  two  nuidels  bect)mes  much  larger  for  gas 
mixtures  with  pure  helium  as  diluent,  as  was  done  in  the  experiments  of  [(>] 
and  [66). 

The  predicted  spectral  contents  of  the  calcvilations  mad»'  \\it!i  the  two 
Lt)ront/.-bri)adening  models  are  compared  in  Tables  II  and  HI.  Although  it  is 
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LASER  OUTPUT  ENERGY, 


GAS  CONDITIONS 
i)  F 2/3  H^/bT  Ho;3/  Ar 
P,  = 800  Tnrr  T;  = 300  K 


CAVITY  CONDlllONS 
R(,  = 0.8  Rt_=0.9 
L = 19  cm 


Table  II.  Distribution  of  laser  energy  among  the  individual  transitions, 

calculated  with  use  of  the  improved  pressure  broadening  model, 
expressed  in  percent  of  total  output.  2- 
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Table  III.  Distribution  of  laser  energy  among  the  individual 
transitions,  calculated  with  use  of  the  old  pres- 
sure broadening  model,  expressed  in  percent  of 
total  output.  ^ 
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expeulea  that,  because  of  such  limiting  approximations  as  rotational  equilib- 
rium assumed  in  these  calculations,  the  resulting  predictions  cannot  accu- 
rately reflect  experimental  measurements,  the  comparison  is  still  instruc- 
tive in  delineating  the  trends  obtained  from  changes  in  the  linewidth 
formulation  within  the  laser  model.  As  shown  in  the  tables,  the  incorpora- 
tion of  rotational  structure  has  resulted  in  a redistribution  of  the  predicted 
laser  output  energy  within  each  vibrational  band,  from  the  lower  J to  the 
higher  J transitions.  Furthermore,  because  these  high  J transitions 
dominate  during  the  latter  portion  of  the  laser  pulse  due  to  the  increased  gas 
temperature  (the  gas  temperature  at  pulse  termination  for  the  present  case 
is  ~900  K),  the  larger  gain  predicted  for  these  transitions  by  the  detailed 
I broadening  model  results  in  an  increased  pulse  length.  For  the  present  case, 

pulse  length  is  increased  25%  from  3 to  3.  75  psec. 

The  kinetic  rate  data  used  in  the  present  calculations  were  essentially 
those  compiled  by  Cohen  [67  |,  with  the  e.xception  of  the  IlF  - HF  V - T,  K 
reactions.  Recent  experimental  data  of  Kwok  and  Cohen  [24  | and  Kwok  and 
Wilkins  [68)  for  the  self-deactivation  reaction 

k 

HF(v)  f M HF(v')  t-  M,  M = lIF(v),  v^0,...,8,  v'<v  (IS) 

have  resulted  in  a revised  scheme  for  the  scaling  of  the  rate  coefficient  k 
with  the  vibrational  quantum  nvimber  v.  The  rate  was  determined  from  experi- 
ments performed  in  a large  diameter,  medium  pressure  flow  tube  facility 
and  founfl  to  scale  empiric<illy  as  v“^'^.  It  is  not  yet  clear  what  the 
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deactivation  mechanism  is  or  whether  it  is  a single -quantum  or  multiquantum 


process.  Calculations  were  carried  out  with  the  model  by  using  each  assump- 
tion to  compare  the  effects  of  single-  and  multiquantum  deactivation  on  laser 
performance.  Multiquantum  deactivation  was  modeled  with  the  assumptit>n 
that  the  reaction  proceeds  with  equal  probability  through  all  channels  with 

Av  > 1 and  that  the  net  deactivation  rate  of  reaction  (15)  scales  according 

. 2.  3 . 

to  v , 1.  e.  , 

k r D k , = k,  X v*^-  ^ (16a) 

V / vv  1 

V 

k/=k//  V V "<  V (l6bl 

vv  vv 

One  such  comparison  is  shown  in  Fig.  10,  where  the  assumption  of  the  multi - 
quantum  deactivation  process  decreased  the  laser  output  by  >Z8“/«  compared 
with  the  case  with  single -quantum  deactivation.  Most  of  the  energy  loss 
occurred  in  the  second  half  of  the  laser  pulse  after  the  IIF  population  had 
reached  appreciable  values  (the  total  amount  of  HF  produced  at  the  end  of 
the  pulse  for  this  case  is  5.  3%  of  the  gas  mixture  with  48'!o  of  the  k ^ con- 
sumed). The  multiquantum  deactivation  also  resulted  in  a reduction  of  the 
pulse  duration  by~10%.  From  the  magnitude  of  the  self-deactivation  rate 
c(jcfficient  scaling  factor,  it  appears  that  thi-  multiquantum  process  is  morr 
likely  because  it  implies  a larger  number  t)f  transfer  channels  for  deacti\  a.  ion 
v\  ith  increasing  v.  This  possibility  is  further  substanl  lated  by  the  lact  that, 
with  the  assumption  of  a mviltiquantum  deai  tivation  nuwhanism,  coupled  \\  u h 
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GAS  CONDITION 
6 F2/3  H2'' 54  He/37  Ar 
P|  = 800  Torr  T|  = 300  K 


CAVITY 

Ry=0.5  Rl=0.9 
L=  100  cm 


TlME,^sec 


Fig.  10.  Effect  of  multiquantum  deacti\’ation 
on  predicted  laser  output 


the  more  detailed  Lorentz-broadening  model,  good  agreement  between 
predicted  laser  output  and  experimental  results  uas  obtained.  The  com- 
parison of  model  predictions  with  experimental  data  is  discussed  in  Section  V. 


V.  COMPARISON  OF  MODEL  PREDICTIONS  WITH  EXPERIMENT 


In  this  section,  a comparison  is  presented  of  calculated  laser 
performance  with  several  recent  experimental  measurements.  In  all  the 
following  calculations,  the  model  assumes  the  multiquantum  deactivation 
mechanism  foi  the  HF  V -»  R,  T reaction  and  uses  the  detailed  pressure- 
broadening model. 

In  Figs.  11  and  12,  predicted  pulse  outputs  are  compared  with  two 
independent  experiments.  The  experimental  pulse  in  Fig.  1 1 is  from  [65], 
in  which  the  H -F,  laser  was  initiated  by  an  electron  beam  irradiated  dis- 
charge;  the  attendant  experimental  conditions  are  as  described  in  the  discus- 
sion for  Fig.  9.  Figure  12  shows  the  experimental  result  from  [6]  for  a 
H^-F^  laser  initiated  by  flash  photolysis;  here,  the  gas  mixture  (consist- 
ing of  4%  F^i,  4%  H^,  and  9<1%  He)  is  retained  in  a cavity  that  formed  a 50  cm 
gain  length,  but  is  significantly  more  "lossy”  than  the  preceding  case  (86"« 
output  coupler  transmission  compared  with  20%  in  the  cavity  of  [65j.  In  both 
cases  the  predicted  pulse  length  and  pulse  energy  show  good  agreement  with 
the  e.xpe rimental  pulses.  The  predicted  pulse  shapes,  however,  show  a great 
deal  of  oscillation.  We  speculate  that  this  is  due,  in  part,  to  the  restriction 
of  lasing  to  line  center  (which  is  equivalent  to  operating  a i7iode -limited  de- 
vice, where  the  lasing  modes  are  restricted  to  those  with  frequency  near  line 
center).  This  condition  results  in  large  gain  overshoots  and  is  manifeslivl 
in  the  subsequent  "relaxation  oscillations."  Additional  discussions  on  this 
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GAS  CONDITION  CAVITY 

6F2/3H2/54He/37Ar  Rq  = 0.8  Rl  = 0.9 
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Fig.  11.  Comparison  of  predicted  laser  pulse  with  tlie  experiment  of 
Hofland  ct  al.  [65] 
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subject  are  given  in  [5]  and  [69  j.  Another  factor  that  contributes  to  these 
oscillations  is  the  assumption  of  rotational  equilibrium.  As  shown  in  Fig.  b 
of  [5],  the  rotational  equilibrium  assumption  precludes  appreciable  simul- 
taneous lasing  on  any  particular  vibrational  band.  This  results  in  the  predic- 
tion of  shorter,  more  intense,  pulses  for  each  lasing  transition,  with  dis- 
tinct time  differentials  between  the  peaks  of  adjacent  (timewise)  lines  and, 
thus,  an  increase  in  predicted  oscillations. 

Comparisons  with  experimental  results  over  a broader  range  of  oper- 
ating  conditions  are  shown  in  Fig.  13,  in  which  the  laser  output  energy  den- 
sity is  plotted  as  a function  of  percentage  F^  in  the  gas  mixture.  In  these 
calculations,  the  F^  ratio  is  varied  from  0 to  10%  of  the  laser  mixture,  a 
stiochiometric  balance  is  maintained  with  H^,  and  the  diluent  is  He,  which 
makes  up  the  balance  of  the  gas  composition.  The  experimental  data  are 
from  Fig.  4 of  [6]  and  are  represented  by  the  vertical  bars  in  the  figure. 

The  corresponding  reactant  ratios  are  indicated.  The  agreement  between 
theory  and  experiment  is  again  seen  to  be  close. 

A final  set  of  experimental  data  with  which  the  model  predictions  were 
compared  is  that  of  Mangano  et  al.  [66],  This  comparison  is  shown  in  I'ig.  14. 
In  these  experiments,  the  H^-F^  laser  was  initiated  by  a direct  e-beam 
pulse,  and  the  percentage  of  F^  in  the  atmospheric  pressure,  F,/H,/He  gas 
mix  was  varied  from  6 to  30%.  The  experimental  data  are  represented  by  the 
open  circles,  and  the  present  calculations  are  indicated  by  solid  circles.  The 
brackets  in  the  figure  indicate  the  percentage  of  II,  in  the  gas.  Agreement 
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• FIASHLAMP  INITIATED,  [F/F2],  ~ 0.8% 

• 50  cm  ACTIVE  LENGTH,  SAPPHIRE  OUTPUT  COUPLER 

• GAS  MIXTURE:  XH2/XF2/II -2x1  He,  836Torr 


F'ig.  13.  Conipa  r L son  of  morlol  pri-dict  ions  vxitli  ("vpx-rimont.il 
measurements  of  Chen  et  al.  | 6] 


GAS  CONDITION 


CAVITY 

Ro=0.1  Rl  = 0.9 
L = 25  cm 


F2/H2/H6 

P,  = 760  Torr  T,  = 300  K 

o[8] 


o[6] 


V [8j 


o 


[6] 


•[8] 


^[4] 
[41— • 
]o0^t3] 

g[3] 


o DATA  FROM  MANGANO  etal,  [661 
• THEORY 

V THEORY,  WITH  F2  BROADENED  HF  LINE 
WIDTH  REDUCED  BY  x 3 

[ ] PERCENTAGE  Ho  IN  LASER  MIX 


between  theory  and  experiment  is  good  for  the  low  F,  cases.  The  30“/o  F, 
case,  on  the  other  hand,  shows  a large  divergence  between  the  measured 


and  predicted  results. 

Since  the  F-, -b roadened  HF  linewidths  (\_  ) used  in  this  model  were 

^ * r 7 

estimated  from  Cl^  results,  the  above  calculations  were  repeated  with  dif- 
ferent values  fox  to  assess  the  sensitivity  of  the  model  predictions  to 

this  parameter.  The  case  of  reduced  by  a factor  of  3 is  shown  in  Fig.  14, 

As  anticipated,  the  effect  of  this  change  becomes  more  appreciable  with  in- 
creasing F^  ratio.  Predicted  laser  output  energy  increased  by  33%  in  the 
30%  F^  case.  This,  however,  still  falls  far  short  of  the  Mangano  measure- 
ment. The  initiation  levels  used  in  the  calculations  of  Fig.  14  were  based  on 
the  estimates  of  [66],  which  assumed  that  every  12  eV  of  the  deposited 
electron-beam  energy  contributed  to  the  production  of  one  F atom.  It  is  still 


not  certain,  however,  if  such  an  approximation  of  F^  dissociation  may  be 
applied  equally  to  gas  mixtures  of  widely  different  compositions.  If  the 
estimated  initiation  level  is  indeed  low,  the  difference  between  the  measuied 


and  predicted  laser  energies  for  the  30%  F^  case  may  yet  be  small.  These 
considerations  are  still  under  investigation. 
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THE  IVAN  A.  GETTING  l^XBORATOKIES 
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The  Laboratory  Operations  of  'I'he  Aerospace  Corporation  is  conducting 
experimental  and  theoretic  al  ins  estigations  necessary  lor  the  evaluation  and 
applicatic^n  of  scientific  advances  to  new  tr.ilitarv  concepts  and  systems.  \'er- 
satilitv  and  flexibility  base  been  developed  to  a high  degree  by  the  laboratory 
personnel  in  dealing  with  the  many  protjlems  eiu'ountc' rc-d  in  the  nation's  rapidls 
deseloping  space  and  missile  svsterns.  Expertise  in  the  latest  scientific  de\el- 
opmcnts  is  vital  to  tlie  accomplishment  of  tasks  related  to  these  prc>blems.  1 he 
laboratories  that  contribute  to  this  research  are; 

Aerophysics  l.at>oratory:  Launch  and  reentry  aerodynamics,  heat  trans- 

fer, reentry  phvsics,  chemical  kinetics,  structural  nu'chanics,  flight  dynamics, 
atmospheric  pollution,  ;ind  high-power  gas  lasers. 

Chemistry  and  f^hysics  Laboratory:  .Atmospheric  reactions  and  .itmos- 

pheric  c<ptics,  chemical  reaction.s  in  polluted  at mosphc- res , chemical  reactions 
o:  excited  species  in  rocket  plumes,  chemical  thermorlvnamic  s,  pla.sma  and 
lase  r - indue  ed  reactions.  Liser  chemistry,  propulsion  therrustry,  space  vacuum 
and  radiation  effects  on  materials,  lubrication  and  sviriace  phenomena,  phoio- 
sensitiie  materials  and  sensors,  high  precision  laser  ranging,  and  the  appli- 
cation of  physics  and  chemistry  to  prohlcuns  of  law  enfon  enient  and  hiomedicitu'. 

F^Iec  t ronic  s Research  Laboratory : Filect  romagneti c theory,  devices,  and 

propagation  phenomena,  including  plasma  electromagnetics;  cpiantum  electronic  s. 
lasers,  and  elect  rc< -opti  c s ; communication  sciences,  applied  el«*ct  romc  s,  sc*n.;- 
conducting,  superconducting,  and  < rvstal  dec  ice  phvsu  s.  «JOfical  and  ac'ou.stual 
imaging;  atmospheric  pollution;  millinuder  wave  and  far-infrared  tc?chn»)logv. 

Materials  .S<i«*nces  [..iboratory:  De'.  c-lopment  ot  new  materials,  metal 

matrix  composites  and  new  forms  of  carbon,  test  and  e abiaiion  of  graphite 
and  ceramics  in  reentry;  spacecraM  materials  and  electronic  componcuits  iti 
nuc  lea  r w eapons  ♦•tu  i ronment . apphe  if  ion  ot  | rac  t u re  me<  ha  me  s to  r«-  s s c or  - 
rosion  and  fati  guc*  - 1 nduc  ed  fractures  in  structural  met.iLs. 

Space  Sciences  Laboratory:  .\lmosphc*  ric  arul  ionospheric  physics,  radia- 

tion from  the  atmosphere,  density  and  composition  c>t  the*  atmosphere,  aurorae 
and  airglow;  magnetosphe  ric  phvsus,  cosmic’  rays,  gi-iie  rat  i on  and  prc'pagalioii 
of  plasma  wavc*s  in  the  mag  nc-t  osphe*  r** . sol.ir  phvsus,  studies  of  solar  magnetic 
fields;  space  astronomy,  x-rav  a trciimmv.  the*  ellects  o'  iuul«*ar  c-xplosions, 
magnetic  storms,  and  sol.xr  .icticitv'  on  th«-  c*arth's  atmosphere,  lonospher  . and 
magnetosphere;  the*  effects  ot  optical.  oUm  | romagnc’tu  , and  particulate  racb,*- 
tions  in  sp.icc*  on  space*  «v.s(«*m.s. 
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